The adsorption characteristics of an anionic azo dye (New Coccine) on to sewage sludge ash were studied. Results showed that the ash could remove the dye effectively from aqueous solution. The adsorption rate was fast and could be expressed by the modified Freundlich equation. It was found that pH is the most important parameter affecting the adsorption characteristics. The experimental data were correlated well to the non-linear multilayer adsorption isotherm. The ash adsorption capacities for the dye were in the range 3.25-5.70 mol/g and were affected by the pH, ionic strength and temperature. Decreasing pH, ionic strength and temperature increased the adsorption density. The effect of electrical doublelayer thickness on the adsorption was discussed. Thermodynamic parameters indicated that the adsorption was an exothermic process. Values of the first-layer adsorption energy, DG 1 0 , ranged from -6.86 to -7.45 kcal/mol, suggesting that the adsorption could be considered as a physical process simultaneously enhanced by the electrostatic effect. The multilayer adsorption energy, DG 2 0 , ranged from -4.33 to -4.51 kcal/mol, suggesting that the adsorption was of the typical physical type. On the basis of the monolayer dye adsorption capacity, the specific surface area of the ash was calculated as 3.84-6.73 m 2 /g. *
INTRODUCTION
Adsorption plays an important role in wastewater treatment processes. With the selection of a proper adsorbent, the adsorption process can be a promising technique for the removal of contaminants. Due to its high adsorption capacity, activated carbon has been widely used as an adsorbent for the removal of various pollutants. However, it is expensive and difficult to separate from the wastewater after use. Studies showed that a number of low-cost adsorbents such as sugar cane dust, perlite (a glassy volcanic rock), bagasse pith, sludge, fly ash, coal and natural clay may be used as alternative adsorbents for removing dyes from aqueous solutions (Gupta et al. 1990; McKay et al. 1998; Wang et al. 1998; Khattri and Singh 2000; Dogan et al. 2000; Weng et al. 2001) . It is not necessary to regenerate these cheap substitutes whereas regeneration of activated carbon is essential. Such regeneration may result in additional effluent and the adsorbent may suffer a considerable loss.
While sanitary landfills are commonly used for the disposal of sewage sludge in certain countries such as Taiwan, rapid urbanization has made it increasingly difficult to find suitable sites (Lin and Weng 2001) . Hence, incineration has become one of the few alternatives available for the treatment of sewage sludge. The use of sludge ash as an adsorbent in wastewater treatment plants can turn the wastes into useful products.
The aim of the present work was to investigate the adsorption characteristics of an anionic azo dye (New Coccine) on to sewage sludge ash. Parameters that may affect the adsorption, including ionic strength, pH and temperature, were studied. The adsorption dynamics, equilibrium isotherms and thermodynamic parameters for such systems were also evaluated. Furthermore, based on the results of isotherm analysis, the specific surface area of the ash was determined. An anionic dye was used as an adsorbate in this study because it can also serve as a surrogate adsorbate for the negatively charged organic contaminants commonly found in wastewaters.
MATERIALS AND METHODS

Sludge samples
The dewatered sewage sludge sample was collected from a local municipal wastewater treatment plant in Kaohsiung, Taiwan. The sludge was incinerated in a combustion chamber at 800ºC for 3 h to remove organic substances. The incinerated sludge ash was then used as the adsorbent without further treatment. The scanning electron micrograph depicted in Figure 1 shows that the sludge ash particles were mostly spherical in shape because of their exposure to the combustion environment. The average particle size of the ash was 3.1 mm as measured by a particle size analyzer (Coulter-100, England). The pH value of the ash was 5.97-6.02 as determined from a 1:1 w/w ratio of ash and water. The ash had a BET specific surface area of 5.1 m 2 /g as determined by a surface area analyzer (Quantasorb, model QS-7, Quantachrom Co., Greenvale, New York, USA). The zeta potential of the ash particulates was determined instrumentally (Laser Zee 3.0, Pen Kem Inc., Bedford Hills, New York, USA), a zero point of charge (pH zpc ) of 2.8 being obtained from the zeta potential measurements depicted in Figure 2 .
Dye
A water-soluble anionic azo dye, viz, New Coccine acid red No. 18, manufactured by Koch-Light Laboratories Ltd. (Colnbrook, Bucks., England) was used as the adsorbate. The structural formula of the dye is shown in Figure 3 . The dye has a molecular weight of 604.48 g/mol, a flat molecular area of 19.6 × 10 -21 m 2 and a perpendicular molecular area of 9.0 × 10 -21 m 2 . 
Kinetic adsorption studies
These were carried out over a period of 6 h to establish the effect of time on the adsorption process and to identify the adsorption reaction rate. A batch method was employed for such studies. Experiments were conducted by vigorously agitating a 2 l volume of solution containing 4 g ash and a constant concentration of NaClO 4 (5 × 10 -2 M) plus a fixed dye concentration (2 × 10 -5 M) for 8 h. The solution was maintained at different pH values (2.0 ± 0.05, 2.5 ± 0.05 and 3.0 ± 0.05) by adjusting either with HClO 4 (0.1 M) or NaOH (0.1 M) solution. A known volume (5 ml) of the mixed solution was withdrawn at different time intervals using a syringe. This was then immediately filtered through a 0.45 mm filter paper (Supor-450, 25 mm, Gelman Scientific) to collect the supernatant. The residual dye concentration in the supernatant was measured colorimetrically using a spectrophotometer (HACH DR-2010, USA) at a wavelength of 505 nm. The amount of dye adsorbed was determined as the difference in concentration between samples withdrawn at two consecutive time intervals during the course of the adsorption experiments.
Effect of pH on equilibrium adsorption experiments
The batch method was used to obtain the dye adsorption characteristics as affected by solution pH which was regarded as a principal factor in the analysis of the adsorption process. The experiments were conducted by preparing a series of 125-ml polyethylene bottles (Nalogen) containing 100 ml of 2 × 10 -5 M dye and 5 × 10 -2 M NaClO 4 solutions. The initial pH value of each solution was first adjusted within the range 2.0 to 8.0 and then a known amount of ash was added. The mixtures were shaken vigorously on a reciprocal shaker at 150 rpm for 6 h, this time period being adequate for attaining equilibrium adsorption as established from previous kinetic adsorption experiments. After such mixing, the final pH was recorded and then a 5 ml sample of the solution was taken and filtered to collect the supernatant, from which the residual dye concentration was obtained using the method described above.
Equilibrium dye adsorption isotherm experiments
The batch method was also employed to study the influence of ionic strength, equilibrium pH and temperature on the dye adsorption isotherms. The experimental procedures employed for studying the effect of pH on the dye adsorption isotherm were as described above except that the equilibrium pH values were maintained at 2.0 ± 0.05, 2.5 ± 0.05 and 3.0 ± 0.05 by adjusting either with HClO 4 (0.1 M) or NaOH (0.1 M) solution. To study the influence of ionic strength on the adsorption isotherms, four NaClO 4 concentrations (0.005, 0.01, 0.05 and 0.1 M) were used. The effect of temperature on the adsorption was investigated under isothermal conditions at 4ºC, 26ºC and 38ºC by maintaining the mixtures in a water circulation bath whose temperature varied to within ± 1ºC.
RESULTS AND DISCUSSION
Kinetic studies
The data depicted in Figure 4 show that a rapid increase in dye adsorption occurred within 5 min at the various pH values used. As shown, the amount of dye adsorbed from aqueous solution increased with time, with equilibrium being reached within 4 h at 26ºC. The time necessary to achieve adsorption equilibrium appeared to be independent of the solution pH value. However, the quantity . Adsorption kinetics of New Coccine dye on to sludge ash. Experimental conditions: NaClO 4 conc., 5 × 10 -2 mol/l; temp., 26ºC; ash content, 2 g/l; initial dye conc., 2 × 10 -5 mol/l. Data points: D, pH = 2.0; , pH = 2.5; , pH = 3.0. of dye adsorbed increased with decreasing pH value, indicating that dye adsorption was favoured at lower pH values.
An empirical modified Freundlich equation (Kuo and Lotse 1973) was used to analyze the kinetic adsorption data:
where q is the adsorbed dye concentration (mol/g), C 0 is the initial dye concentration (mol/l), t is the reaction time (min), k is the apparent rate constant [l/(g min)] and m is the Kuo-Lotse constant. The best fitting curves obtained by application of the modified Freundlich model [equation (1)] are shown in Figure 4 . The corresponding model fitting parameters, i.e. the apparent rate constant (k), m and the correlation coefficient (r), are listed in Table 1 . The high values of r (all greater than 0.984) indicate that the data could be well fitted by the modified Freundlich equation. The adsorption rate was found to be inversely proportional to the pH value. When the solution pH increased from 2.0 up to 3.0, the apparent rate constant, k, decreased from 0.174 to 0.099 l/(g min).
Effect of pH on the equilibrium adsorption
Figure 5 depicts equilibrium data obtained after 6 h for the amount of dye adsorbed as a function of solution pH. As shown, the pH value was clearly a key factor affecting the adsorption. It was found that marked adsorption occurred in the acidic region with the dye adsorption density increasing abruptly over the pH range below 5.0. The occurrence of this phenomenon could be attributed both to the surface acidity of the hydrolyzed ash which is very pH-dependent and to the fact that a positively charged surface would be expected when the solution pH was below the pH zpc value (2.8) of the ash particles. Since the dye was present as a single anionic species over the pH range examined, favourable electrostatic attraction forces enhancing the adsorption of dye ions would be expected to be prominent under acidic conditions. Thus, the lower the pH value, the larger the amount of dye adsorbed.
Effect of pH on the adsorption isotherms
Assuming that the ash surface was homogeneous, it is possible to consider the equilibrium adsorption process as multilayer adsorption when the following equations would apply (Wang et al. 1998) : where D is the equilibrium dye concentration (mol/l), S depicts the available ash surface sites (mol/g), S-D j is the ash surface complex (mol/g), and K 1 , K 2 ,. . . K n (l/mol) are the equilibrium adsorption constants corresponding to the first layer, second layer and nth layer, respectively. Because dye adsorption within the multilayer arises because of the attachment of the dye to the surface and to subsequent layers, the adsorption affinity of the first layer would be expected to be much greater than subsequent layers. Thus, it is likely that the adsorption energy for subsequent multilayers would be the same irrespective of layer, i.e., K 2 = K 3 = . . . = K n . For the sake of simplicity, the total multilayer adsorption density (q, mol/g) may be attributed mainly to the first and second layer adsorption and may be expressed as:
where Q m is the first layer adsorption density (original ash surface site density) (mol/g) and C e is the equilibrium concentration of the dye (mol/l). Graphical computer software, viz. KaleidaGraph TM (1996) , was used to solve the non-linear equation (3). The effect of pH on the adsorption isotherms obtained and the results of the non-linear regression of these isotherms are presented in Figure 6 . The solid lines shown in the figure depict the best fit for equation (3). The maximum monolayer adsorption density and the equilibrium constants together with the correlation coefficients (r) are summarized in Table 2 . Increasing solution pH led to a decrease in the values of Q m and K. The K 2 values were much less than those of K 1 , indicating that the adsorption affinity of the first layer was much higher than that of subsequent multilayers. Hence, the assumption of a much greater adsorption energy for the first layer than for subsequent multilayers employed in deriving equation (3) was justified. Figure 7 shows the influence of ionic strength on the dye adsorption isotherms where the solid lines correspond to the best fit of equation (3). It will be seen that the values of K 1 were ca. 1.5-2.0times greater than those of K 2 and that increasing ionic strength led to a decrease in the values of Q m and K 1 . The values of K 2 remained relatively constant, suggesting that multilayer adsorption was not greatly affected by changes in the ionic strength. The results obtained show that the adsorption density was inversely proportional to the ionic strength. A reasonable explanation for this behaviour was that increasing ionic strength could lead to a decrease in the thickness of the electrical double layer (EDL), thereby resulting in a decrease in adsorption. The thickness of the EDL (l/k, l/m) can be determined as follows: 
Effect of ionic strength on the adsorption isotherms
where F is the Faraday constant (96 500 C/mol), I is the ionic strength, R is the molar gas constant [8.314 J/(mol K)], T is the absolute temperature (K), is the dielectric constant of water (78.5) and 1 ae 1 ö -= 0.304 × 10 -9 ç --÷ (5) k è ÖI ø from which a value of 1/k may be obtained. Figure 8 depicts the relationships between Q m , K 1 and K 2 and the thickness of the EDL. As indicated by the above equation, an increase in ionic strength would lead to a decrease in l/k and the concentrations of both the anion and the cation. Hence, an increase in the ionic strength would increase the amount of indifferent anions approaching or possibly masking the positively charged ash surface. As a result, the electrostatic effect of the ash surface would decrease with a consequent decrease in the extent of adsorption.
Thermodynamic parameter considerations Figure 9 shows the effect of temperature on the adsorption isotherms. Non-linear regression indicated that these isotherms also correspond to multilayer adsorption, the best fitting multilayer model parameters being listed in Table 2 . The results indicate that the magnitude of adsorption was inversely proportional to the solution temperature, suggesting that the process was exothermic in nature. Similar exothermic results have also been found for several related dye adsorption systems (Gupta et al. 1985 (Gupta et al. , 1990 Khattri and Singh 2000) . The changes in the standard free energy (DG 0 ), enthalpy (DH 0 ) and entropy (DS 0 ) for the present system were calculated using the following equations: DG 0 = -RT ln K (6) ln K = DS 0 /R -DH 0 /RT (7) Figure 10 shows the van't Hoff plots of ln K versus l/T, the values of DH 0 and DS 0 being determined from the slopes and intercepts of the same. The calculated thermodynamic parameters are listed in Tables 2 and 3 . It will be seen from the data presented that the magnitude of the free energy for first layer adsorption (DG 1 0 ) indicated that the affinity of the dye to the ash surface was higher than that on to subsequent multilayers (DG 2 0 ). Values of DG 1 0 ranging from -6.86 to -7.41 kcal/mol suggest that the adsorption process may be considered as physical in nature being simultaneously enhanced by the electrostatic effect. Values of DG 2 0 ranging from -4.33 to -4.51 kcal/mol suggest that the adsorption was a typical physical process. The values of DH 1 0 were -1.38 kcal/mol at all temperatures studied while the average value of DS 1 0 was 19.8 cal/(K mol). The negative values of DG 0 and DH 0 and the positive value of DS 0 suggest that adsorption was a spontaneous process at all temperatures and that the system exhibited random behaviour (Petrucci 1989) .
Specific surface area determination
The adsorption capacity of an adsorbent is directly related to the availability of its specific surface area (SSA). Conventionally, BET nitrogen gas adsorption techniques have often been used for determining the SSA of hydrous solids. However, the obtained SSA values do not properly represent the behaviour of fully hydrated adsorbents in aqueous environments. This has led many researchers to develop suitable alternative SSA determination methods, such as dye adsorption (Smith and Coachley 1983; Figueroa and Silverstein 1989; Sorensen and Wakeman 1996; Wang et al. 1998) . It is assumed that the ash surface is completely covered by dye molecules when the adsorption isotherm is established. Under these circumstances, the first layer adsorption density (Q m ) as described in equation (3) can then be related to the specific surface area (SSA, m 2 /g) of the ash:
where N is Avogadro's number (6.023 × 10 23 molecules/mol) and A is the area of the ash surface occupied by one dye molecule. It is also assumed that to facilitate adsorption the dye molecules attach themselves horizontally on to the ash surface. In fact, dye molecular attached in this way would be more stable than those attached perpendicularly to the surface. Thus the value of A in equation (8) may be put equal to 19.6 × 10 -21 m 2 . Table 2 lists the results of SSA calculations based on the above adsorption results. The data listed show that the SSA values increased with decreasing pH, ionic strength and temperature. Such SSA values determined by dye adsorption lie in the range 3.84-6.73 m 2 /g, which is close to the value (5.1 m 2 /g) obtained via BET nitrogen gas adsorption measurements.
CONCLUSIONS
The adsorption of New Coccine dye on to sewage sludge ash was rapid with equilibrium being attained within 4 h. The kinetics of dye adsorption on to the ash was well fitted by the modified Freundlich equation. The rate of adsorption decreased with increasing pH. The multilayer adsorption isotherm described the equilibrium adsorption data for the dye on to the ash quite well. Analysis of the adsorption isotherm showed that the monolayer adsorption capacity was inversely proportional to pH, ionic strength and temperature. The ash adsorption capacities of the dye were in the range 3.25-5.70 mol/g and were affected by the pH, ionic strength and temperature. Thermodynamic parameters indicated that the adsorption process was exothermic and spontaneous at all temperatures. Values of the first layer adsorption energy, DG 1 0 , ranged from -6.86 kcal/mol to -7.41 kcal/mol, suggesting that the adsorption was a physical process simultaneously enhanced by the electrostatic effect. Values of the multilayer adsorption energy, DG 2 0 , ranged from -4.33 kcal/mol to -4.51 kcal/mol, suggesting that the adsorption was typically physical.
The specific surface area of the ash could be estimated using New Coccine dye as the adsorbate. On the basis of its monolayer dye adsorption capacity, the specific surface area of ash was determined as 3.84-6.73 m 2 /g, close to the value (5.1 m 2 /g) obtained by the BET nitrogen gas adsorption method.
